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• High capacity of 1670  vs.  <300 
mAh/g for Li-ion cathodes; 

• High theoretical Sp. energy of 2567 
vs ~1200 Wh/kg for Li-ion

Technology Challenges

• Intermediate discharge products (polysulfide species) are 
soluble in most organic electrolyte systems

• Polysulfide species can react with anode forming redox shuttle 

• Affects cycle life and coulombic efficiency and increases anode 
interfacial impedance

• Essential to extract full capacity from cathode

Li-S Cell Chemistry



NATURE MATERIALS | VOL 11 | JANUARY 2012 | www.nature.com/naturematerials 25

and evolution is that the former is not degraded by O2 evolution 
and, in principle, different catalysts can be employed at the different 
electrodes, avoiding the need for both catalysts to be stable in the 
same voltage range.

Although the basic mechanisms of O2 reduction and evolution in 
aqueous electrolytes are well known, the specific processes in those 
containing lithium salts have received much less attention and merit 
further study in view of the present interest in aqueous Li–O2 cells84. 
In this Review we have focused on alkaline electrolytes, as these 
have been most widely used in Li–O2 cells so far. However, acidic 
electrolytes may also be used41 and these give rise to higher voltages 
(up to ~4.25 V versus Li/Li+): 2Li + ½O2 + 2H+ → 2Li+ + H2O.

The Li–S battery
The rechargeable Li–S cell is shown in Fig.  1 and operates by 
reduction of S at the cathode on discharge to form various poly-
sulphides that combine with Li to ultimately produce Li2S. Such 
cells have many attractive features, including: (i) the natural abun-
dance and low cost of S; and (ii) high theoretical energy storage 
(Table 1)15–17. Yet the promise of a device with greater energy storage 
and cycle life than Li-ion has not yet materialized; even after decades 
of development, the Li–S battery has still not reached mass commer-
cialization. Several problems inherent in the cell chemistry remain 
and are summarized in Fig. 7. Among such problems, discussed in 
detail in a previous review16, are: (i) poor electrode rechargeabil-
ity and limited rate capability85,86 owing to the insulating nature of 
sulphur and the solid reduction products (Li2S and Li2S2); (ii) fast 
capacity fading owing to the generation of various soluble polysul-
phide Li2Sn (3 ≤ n ≤ 6) intermediates87–90, which gives rise to a shuttle 
mechanism91; and (iii) a poorly controlled Li/electrolyte interface. 
The shuttle mechanism arises because the soluble polysulphides 
that are formed at the cathode are transported to the anode where 
they are reduced to lower polysulphides, which are then transported 

back to the cathode, where they become reoxidized and then return 
to the anode. If, at the anode, reduction proceeds to form insoluble 
Li2S2 or Li2S, then this can deposit on the anode and elsewhere.

Much of the recent work to improve Li–S cells builds on previous 
approaches. Considerable effort has been devoted to designing 
porous composite cathodes that are capable of delivering electrons 
efficiently to the S as well as trapping the soluble polysulphides. 
These aspects of Li–S battery research are described in the section 
comparing Li–O2 and Li–S.

A different approach to the problem of minimizing transport of 
the soluble polysulphides from cathode to anode involves the use 
of organosulphur-based polymer systems with S–S linkages offer-
ing high specific energy and being capable of reversibly cleaving 
and reforming on reduction and oxidation in the molecular skel-
eton92–94. The charge/discharge reactions of the systems are based 
on the redox chemistry of thiolates (RS−), which can be oxidized 
to give the corresponding radical (RS), which can, in turn, couple 
to form disulphides (RSSR)95,96. Poly(2,2′-aminophenyl-disulphide) 
was an early example96. The redox chemistry of the dimercaptothia-
diazole polymer has also been extensively studied and was shown to 
polymerize to form the highly insoluble polydisulphide. A marked 
advantage of conjugation with the electron-poor thiadiazole ring is 
a substantial increase in the discharge potential plateau by approxi-
mately 0.6–2.8  V. Asides from this, polyvinyl disulphide poly-
mers were also shown to deliver a sustainable reversible capacity 
of 400  mAh  g−1 for at least 200  cycles97, and other polyvinyl sul-
phides containing more sulphur atoms in Sn units (2 < n < 7) are 
being studied at present. Last, it should be recalled that earlier, 
Degott reported92 polythiene-type conjugated polymers with the 
expected large capacity of 630 mAh g−1. However, the polymer had 
poor kinetics owing to the undesirable crosslinks between chains. 
Incorporating this approach with mesoporous carbon electrodes 
may offer an interesting way forward.
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Figure 7 | Challenges facing the Li–S battery. Load curve and schematic showing PEG 200-coated CMK-3–S composites that impede diffusion of the 
polysulphides into the electrolyte; reproduced from ref. 17, © 2009 NPG. Capacity fading for Li–S cell using graphene-nanosheets cathode; adapted with 
permission from ref. 21, © 2011 Elsevier.
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shuttle is a powerful overcharge protector for the Li/S
system [2,3]. On the other hand, the shuttle reduces charge
efficiency at end of charge and is an impediment to
attaining higher specific capacity.

In summary, low charge efficiency and low discharge
efficiency at the end of charge and discharge, respectively,
are the main factors limiting sulfur utilization for the cycled
cell.

The full potential of the Li/S system is not attained. Only
about 50% or ~800 mA h/g S is garnered.

Our work focused on both problems—increase of
discharge and charge efficiency. Introduction of sulfur
utilization promoters improved discharge efficiency [4].
Additional Li anode protection with improved electrolyte
formulation leads to 100% charge efficiency. As a result,
total sulfur utilization reached 70% or 1200 mA h/g
(Fig. 2).

Development of a denser cathode, with engineered
porosity and structure, and introduction of new electro-
lytes and sulfur utilization promoters lead to a cell total

energy density of 300 W h/kg. Ragone plots in Fig. 3
represent specific energy at different specific powers for
different rechargeable systems and Sion power experi-
mental cells with nominal capacity of 1200 mA h, weight
of ~9 g, and dimensions of 50!36!6.5 mm. Ragone
plots analyses show that Li/S cells deliver higher specific
energy than Li ion, NiMH, and NiCd at any discharge
power.

3. Low-temperature performance

Improvement of charge/discharge chemistry by tuning
electrolyte formulation allowed operation up to "60 8C
(Fig. 4). What is important to note is that both charge and
discharge can be conducted at low temperatures, unlike
other systems that must be charged at normal temper-
atures prior to low-temperature discharge. This perform-
ance is singular in rechargeable battery technology. It was
experimentally shown that at temperatures below "40 8C,
sulfur reduction proceeds through at least five—and
possibly six—steps. Differential capacity derived from a

Fig. 1. Li/S cell operation scheme.

Fig. 2. Discharge profiles vs. sulfur-specific capacity.

Fig. 3. Experimental cell Ragone plots for different electrochemical

systems.

Fig. 4. C/10 discharge profiles at different temperatures for cells with 750

mA h nominal capacity.

J.R. Akridge et al. / Solid State Ionics 175 (2004) 243–245244

• Some of these approaches have shown improved cycle life, but only with low sulfur loadings (2-3 mg/cm2)

Component Problems Strategies Adopted
 Hierarchally-porous carbon (HPC) 
host

Immobilize polysulfide in carbon host 
matrix

Use sulfide (discharge product) as 
cathode

Sulfur Passiavtion Use sulfide (discharge product) as 
cathode

Li anode Poor cyclabaility  and 
dendrites
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or solid electrolyte)    
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(e.g. LiNO3, P2S5)
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Soluble sulfides 
affecting performance Carbon, V2O5 (MnO2) interlayers

Electrolyte Soluble sulfides 
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Polysulfide dissolution- 
and ShuttleS cathode

Approaches to Mitigate Sulfide Shuttle
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Figure 8. The effect of useable energy of the battery on the calculated pack-
level energy density and cost for useable energy for a 80 kW and 360 V Li-S
battery.

batteries do not scale linearly with the useable energy; energy density
and cost for useable energy depends greatly on the power to energy
ratio of the designed battery. Figure 8 presents the calculated pack-
level energy density and price for useable energy as a function of the
useable energy. It can be seen that a 30 kWhuse battery has signifi-
cantly lower energy density and higher cost for useable energy than a
100 kWhuse battery, making the larger battery a more cost effective
design.

A key objective of this analysis is identifying pathways to achieve
high-energy density and low-cost Li-S battery. As discussed, the anal-
ysis concludes that electrode loadings higher than 8 mAh/cm2 are re-
quired for reaching the projected Li-S battery with significantly higher
pack-level properties (∼350 Whuse/L and Whuse/kg) than today’s bat-
teries shown in Figure 9: demonstrated Li-S utilizing ∼2.5 mAh/cm2

loadings, 2011 Nissan Leaf, 2012 Tesla Model S and simulated Li-ion
utilizing Gr-NMC622. In the figure, projected pack-level properties

Figure 9. Projected pack-level energy density and specific energy for a 100
kWhuse, 80 kW and 360 V Li-S battery (>8 mAh/cm2 and 7 mg S/cm2)
compared to a Li-S battery projected from the cell demonstrated in Ref. 31
(∼2.5 mAh/cm2 and 2 mg S/cm2). Nissan Leaf (22 kWhuse) and Tesla Model
S (85 kWhuse) as well as projected pack-level properties for Li-NMC622, Gr-
NMC622 and LiySi-S chemistries are also shown for comparison. The larger
ellipse for the projected Li-S is a consequence of the many varied material
properties discussed in the analysis.

Table III. Projected electrode loadings for the encapsulated S
cathodes in the literature assuming initial capacity could be
retained with 60 vol% electrolyte in the cathode.

Cathode Materials
Cathode
S wt%∗

Initial
Capacity

Projected
mAh/cm2 Reference

S-CMK3a-PEG 59 1320 mAh/g 9.1 8
S-GOb 56 750 mAh/g 4.9 19
S-MPCa 65 1071 mAh/g 8.2 13
S-CNFc 75 1560 mAh/g 14.0 21
S-GOb 46 1000 mAh/g 5.3 14
S-CNTd 40 950 mAh/g 4.3 11
S-CNFc 33 1047 mAh/g 3.9 16
S-CNFc-PVPe 75 828 mAh/g 7.4 22
S-GSf-MWCNTg 49 1396 mAh/g 7.9 9
S-PCNSh 54 730 mAh/g 4.6 10
S-HCSi 31 1000 mAh/g 3.5 15
S-CTABj-GOb 56 1440 mAh/g 9.4 18
S-KBCk-GOb 56 1000 mAh/g 6.5 12
S-TiO2 53 1030 mAh/g 6.3 17
S-PSCl-CNTd 60 1150 mAh/g 8.1 20
S-PANm 32 1335 mAh/g 4.8 23

∗S wt% in the entire electrode.
aMesoporous Carbon
bGraphene Oxide
cCarbon Nanofiber
dCarbon Nanotube
ePolyvinylpyrrolidone
fGraphene Sheet
gMultiwalled Carbon Nanotube
hPorous Carbon Nanospheres
iHard Carbon Spherules
jCetyltrimethyl Ammonium Bromide
kKetjen Black Carbon
lPorous Spherical Carbon
mPolyacrylonitrile

for Li-NMC622 and LiySi-S are also shown as potential competitive,
lower-risk chemistries for comparison with Li-S (the parameters used
in the model for these chemistries are tabulated in Table AI in the
appendix). The Li-NMC622 chemistry requires successful control of
Li-metal, but utilizes a commercially available cathode. In contrast,
the LiySi-S bypasses the Li-metal electrode while maintaining a sulfur
cathode as proposed by some in the literature. Using a prelithiated Si
anode instead of Li-metal to decrease the anode chemistry risk leads to
pack-level properties comparable to existing, commercialized battery
technology. If Li-metal could be safely used with NMC622 cathode,
high energy density could be achieved as presented in the figure. As
a conclusion, stable Li-metal cyclability at high current densities is
required for both Li-NMC622 and Li-S batteries to reach the desired
pack level energy densities. Li morphology control is a direct function
of the current density and therefore this challenge is exacerbated at
the high current densities used in the >8 mAh/cm2 Li-S cells.

Capacity retention and rate capability for high S loadings and low
electrolyte vol% in the cathode is another major challenge, which
likely requires new electrode and electrolyte designs to overcome. As
previously discussed in the introduction, many in the literature are
focusing on developing engineered S electrodes that could achieve
higher S loadings without compromising the electronic conductiv-
ity and maintaining structural integrity during the S to Li2S volume
change. However, these studies continue to utilize a dramatic excess
of electrolyte in the engineered cathodes. In Table III, some of the
recent studies on engineered S cathodes are summarized. The initial
specific capacity and S content are fed into our baseline model to
determine the electrode loadings that could be achieved if electrolyte
starved cathodes are used (60 vol% electrolyte). It can be seen in
Table III that it is possible to reach the required loadings with the
engineered S cathodes if the initial capacity could be retained at low

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 99.47.147.120Downloaded on 2018-03-11 to IP 

• Low experimental  energy density due to 
low sulfur loading (1-2 mg/cm2)

• High loading  (7mg/cm2) -->  400 h/kg, 
which is the objective here

• Current developmental cells are pouch 
cells with 250-400 WH/kg.

• Higher Wh/kg will lower cycle life

State of Art Li-S cells



Our Approach:
• New sulfur cathodes with transition metal sulfide blends (MoS2 and TiS2)  with sulfur cathode and/or with the coatings of metal sulfides.

• Ceramic-coated separators as Polysulfide Blocking Layers to minimize the crossover of polysulfides

• Protected Li anode with a thin coating of AlF3 by Atomic Layer Deposition or various polymer electrolyte coatings

• New electrolytes which minimize polysulfide-related shuttle effects and promote sulfur kinetics (Solvated or concentrated  electrolytes)

 

Sulfur Cathodes with High loadings (9 mg/cm2) and high proportion (65%)

• Area specific capacity is 8 mAh/cm2 (3-4Xof Li-ion)

 

S:TiS2:C:PVDF::65:15:15:5
S:MoS2:C:PVDF::65:15:15:5

PI: Kumar Bugga; Phone: 818-354-0110,:  ratnakumar.v.bugga@jpl.nasa.gov

Long-Life and High Energy Li-S Battery for NASA and DoD Applications
(Funded by US Army- CERDEC)

Fig.	4.Discharge	capacity	of	Li-S	coin	cells	with	the	standard	sulfur	cathode	
(S:CB:PVDF=55:40:5)	and	with	Tonen	separator-coated	with	AlF3 (doctor-blade)
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AlF3-coated separators



 
TABLE I.  USABC Long Term Goals for Advanced Batteries for EVs vs Sion Power Baseline Battery. 
Parameter (Units) of fully burdened system USABC Long Term Goals Sion Power Battery 
Power Density (W/L) 600 1500 
Specific Power-Discharge, 80% DOD/30sec (W/kg)     400 1500 
Energy Density (Wh/L) 300 320 
Specific Energy (Wh/kg) 200 350 
Specific Power/Specific Energy Ratio 2:1 4:1 
Normal Recharge Time 3 to 6 hours 6 to 8 hours 
Continuous Discharge in 1 hour  (% of rated capacity) 75 90 
Cycle Life – 80% DOD (Cycles) 1000 30 - 60 
Operating Environment (oC) - 40 to +85 - 40 to +50 

 

Electrical Specifications:
Nominal Voltage: 2.15V
Maximum Charge Voltage: 2.5V
Minimum Voltage on Discharge: 1.7V
Nominal Capacity @ 25°C: 2.5 Ah @ C/5
Maximum continuous discharge rate: 2C
Maximum charge rate: C/5
Specific Energy: 350 Wh/kg
Energy Density: 320 Wh/l
Cell Impedance: 25 mΩ

Configuration: Prismatic
Length: 55 mm (top flanged folded)
Width: 37 mm
Thickness: 11.5 mm
Weight: ~16 g

Status of Sion Power Li-S Technology 

• Developed protective coating for Li anode and are now interested in Li-MOx chemistries



 

 
 

Cell ID Mass (g) 1 kHz Z (mΩ) OCV 
AH260917-1 140.131 3.042 2.187 

AH260917-2 139.500 3.001 2.185 

AH260917-3 140.195 2.995 2.185 

AH260917-4 140.105 2.920 2.185 

AH260917-5 140.832 3.058 2.186 
BM260917-1 139.809 2.817 2.185 

BM260917-2 140.179 2.886 2.183 

BM260917-3 140.078 2.888 2.185 

BM260917-4 140.115 2.893 2.185 
BM260917-5 140.989 2.927 2.186 

Average: 140.193 2.943 2.185 

Stdev: 0.412 0.074 0.001 
 

Oxis Energy: “Ultralight” pouch cells
Ultra Light POA0343 cells (300 Wh/kg)



Oxis Energy: “Ultralight” pouch cells

~300 Wh/kg on first cycle
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Characteristic OLS-03 OLS-04

Initial capacity (Ah) 19.08 19.01

Capacity after 1 week (Ah) 17.03 16.75

Self-discharge (%) 10.8% 11.9%

Self-discharge during stand test at 20 °C



DC impedance at 20 oC

C / 3 pulses (6.5 A)



Cycling performance at 20 oC

~170 Wh/kg after 100 cyclesFade ~70 mAh/cycle, 0.4%

3.9 A cycling (C/5)
Capacity Specific Energy
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Fig. 9. Discharge curves of 20 Ah prototype cells from Oxis Energy at
various temperatures (left) and at -10oC showing the cell temperature as well.

Variable-temperature discharge capacity

• Noticeable heat dissipation at low temperatures• Lower capacities at low temperature (reduced plateau)



Variable-temperature discharge capacity

~300 Wh/kg

~75 Wh/kg

3.9 A cycling (C/5)



Variable-temperature cycling and thermal profile

3.9 A cycling



Variable-DoD Cycling

• Capacity is very flat for “top half” cycling due to 
discharge energy limits

• Efficiency drops rapidly for “bottom half” cycling

3.9 A cycling



Conclusions

• Metal sulfide incorporation and/or separator modification can improve sulfur 
utilization and cycling performance in laboratory cells.  

• High area specific capacities are realized in sulfur cathode blended with metal 
sulfides, which can lead higher specific energies

• Oxis 19.5 Ah pouch cells have been characterized across a range of operating 
conditions
• Initial specific Energy is 300 Wh/kg

• Specific energy after 100 cycles is 170 Wh/kg

• 100 cycles at 20oC, 

• Low DC impedance

• Low temperature performance is moderate

• “Top” vs. “bottom” cycling (varying insoluble species: S8 vs. Li2S)

• Planning to procure the next version (350-400 Wh/kg) Oxis Energy cells for 
our evaluation
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